Introduction {#s0001}
============

Cerebral ischemia is associated with various pathologies, including stroke, traumatic brain injury,[@cit0001] and Alzheimer's disease,[@cit0002] among others. Stroke is the third most common cause of death worldwide and the leading cause of permanent disability, with 15--30% of patients deemed permanently disabled in the first 3 months following the occurrence of a stroke.[@cit0003] Ischemic stroke is by far the most common, accounting for over 85% of all stroke cases.[@cit0004] In ischemic conditions, tissues are starved of vital oxygen and nutrients due to reduced or obstructed blood flow, which leads to neural cell apoptosis, oxidative stress, and a robust inflammatory response.[@cit0005] The blood--brain barrier (BBB) plays a critical role in maintaining homeostasis by acting as a selectively permeable barrier between the vasculature and the central nervous system (CNS). Functional failure of the BBB is a major aspect of ischemic stroke, which causes an increase in infarct volume, edema, and hemorrhage, thereby inducing widespread neuronal damage. Recent research has shown that following acute ischemic stroke, the permeability of the BBB continually increases.[@cit0006] Increased permeability of the BBB has been associated with an increase in infarct volume, interstitial fluid pressure, and vasogenic cerebral edema.[@cit0007] Tight junction proteins such as occludin and zonula occludens-1 (ZO-1) serve to maintain the integrity of the BBB while selectively allowing certain substances to permeate the BBB monolayer. Therapies designed to increase the expression of tight junction proteins and thereby promote BBB integrity have been suggested as a treatment approach for ischemic brain injury.[@cit0008]

Angiogenesis plays a significant role in increasing infarct volume in ischemic stroke. After the tissues are starved of oxygen, the body reacts by rushing blood to the deprived regions of the brain via newly formed microvessels. Vascular endothelial growth factor (VEGF) is regarded as the main factor driving angiogenesis, and thus, a key effector in ischemic stroke.[@cit0009] VEGF also acts as a major regulator of vascular permeability and has been shown to cause a significant increase in BBB permeability. In response to middle cerebral artery occlusion (MCAO) in mice, VEGF is increased in various CNS-associated cell types. This is at least in part mediated by VEGF receptor 2 (VEGFR2), which induces vascular permeability by activating the endothelial nitric oxide synthase (eNOS) pathway and reducing the expression of tight junction proteins.[@cit0010] Inhibiting VEGFR2 signaling has been suggested as a method to prevent ischemia-induced neurovascular remodeling, thereby reducing infarct volume and improving outcomes.[@cit0011]

In recent decades, natural products have gained recognition as an important source for the successful development of new drugs. The application of natural products in the treatment of brain disorders requires the drug to cross the BBB. The development of neuroprotective natural compounds and novel delivery approaches have been extensively investigated.[@cit0012],[@cit0013] For example, curcumin from plants in the ginger family has been widely used in supplementary drugs, and developed curcumin-nanoparticles have demonstrated potent anti-oxidant activity in MCAO mice.[@cit0014] Rutin from citrus fruit is known to benefit the vasculature, and the administration of rutin-encapsulated nanoparticles significantly reduces infarction volume in MCAO mice.[@cit0015] Safranal extracted from saffron is a powerful antioxidant. Therapies employing the nanoencapsulation of safranal exhibit significant improvement in neurobehavior and antioxidant activity in MCAO mice.[@cit0016] Glycyrrhizic acid from the root of the licorice plant is well known for its anti-inflammatory effect. Therapies employing glycyrrhizic acid-encapsulated nanoparticles results in enhanced neurobehavioral activity in MCAO animals.[@cit0017] Contemporary research indicates that naringenin, a natural compound derived from grapefruit, exerts a neuroprotective effect in cerebral ischemic rats.[@cit0018]

Juglanin is a naturally occurring flavonoid glycoside derived from *Polygonum aviculare* and other plants, which has been shown to exert impressive anti-inflammatory and antioxidant effects. Additionally, juglanin can hinder cancer progression.[@cit0019] Presently, the effects of juglanin in ischemic brain injury are incompletely understood. Cyclic diarylheptanoids of the juglanin class have been shown to reduce neuronal cell death, including juglanin A and juglanin C isolated from *Juglans sinensis*.[@cit0020] Therefore, we hypothesized that juglanin might confer other neuroprotective effects. In the present study, we investigated the effects of juglanin in an MCAO mouse model of ischemic stroke. We also performed a series of in vitro experiments using human brain microvascular endothelial cells (HBMVECs) to elucidate the mechanism of juglanin-mediated neuroprotection. Our findings show that juglanin may have potential as a treatment to prevent BBB hyperpermeability and reduce infarct volume.

Materials and Methods {#s0002}
=====================

Mouse Model and Drug Administration {#s0002-s2001}
-----------------------------------

For our in vivo experiments, C57/BL6 mice were purchased from Jackson Laboratory. All animal experimentations in the present research were followed through in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of Health's National Organizations (National Institutes of Health, US). Animal experimental procedures were carried out under a protocol approved by the Institutional Animal Care and Use Committee at Qingdao University (NO. 20,160,332) and were in accordance with Qingdao University guidelines for the care and use of laboratory animals. Experiments with human subjects were designed in accordance with the World Medical Association Declaration of Helsinki Ethical Principles for Medical Research Involving Human Subjects. Human subject experiments were approved by the ethics committee of Qingdao University (NO. 20,160,125). The mice were divided into four groups: (1). Vehicle group; (2) juglanin group; (3) MCAO group; (4) MCAO + juglanin group. In the MCAO groups, mice were subjected to cerebral ischemia by inserting a surgical filament into the middle cerebral artery and closing with sutures for 2 h, followed by reperfusion for 24 h. In the juglanin treatment group, mice were treated with juglanin at a dose of 20 mg/kg body weight via oral gavage for 3 weeks before the MCAO experiment, as described above. Once the mice had recovered from anesthesia, successful ischemia/reperfusion injury was confirmed by determining the neurological deficit score in all mice. TTC staining was used to determine infarct volume. After TTC staining, the infarct region appears in white on the striatum, cortex, and adjacent areas of the right hemisphere. The infarct area was delimited and expressed as a percentage of the contralateral normal area on the left hemisphere.

Neurological Deficit Scoring Method {#s0002-s2002}
-----------------------------------

Neurological deficit was determined using a 5-point grading scale where grade 0 = no observable sign of neurological deficit; grade 1 = inability to fully extend the contralateral forepaw when grasped by the tail; grade 2 = moving in circles toward the ipsilateral side; more severe, grade 3 = falling to the side contralateral to brain damage; grade 4 = creasing to move and displaying minimal signs of consciousness.

Blood--Brain Barrier Permeability Assay {#s0002-s2003}
---------------------------------------

Evans blue dye was used to assess BBB permeability in mice in vivo. Directly after stereotactic injection, Evans blue dye (EBD) (2%; 4 mL/kg) was injected into the tail vein. At the end of the study, the mice in all three groups were sacrificed, and the tissues were perfused with saline. The brains of the mice were quickly harvested and then weighed and homogenized in 50% trichloroacetic acid (TCA). The concentration of EBD was indexed by measuring the fluorescence intensity of the dye with excitation at 620 nm and emission at 680 nm.

Immunostaining of Tight Junction Proteins {#s0002-s2004}
-----------------------------------------

The tight junction proteins occludin and ZO-1 were stained with corresponding antibodies. Briefly, phosphate buffer saline (PBS) was used to perfuse the sacrificed mice from each group. Whole-brain tissues were then harvested and sliced into 8 μm-thick sections. The sections were embedded using OCT compound. After rehydration and blocking for 1 h with 10% horse serum solution (Dako China), the sections were stained with primary antibodies against occludin (\#91,131, Cell Signaling Technology, 1:50) and ZO-1 (\#13,663, Cell Signaling Technology, 1:100) overnight at 4°C, followed by Alexa Fluor 488-labeled anti-mouse secondary antibody (\#A32731, Thermo fisher scientific, 1:1000) for 1 h at room temperature in darkness. The slides were mounted with ProLong Antifade Mountant (Thermo Fisher Scientific, USA). A Zeiss fluorescence microscope was used to visualize the images.

Cell Culture, OGD/R, and Treatment {#s0002-s2005}
----------------------------------

For our in vitro experiments, bEnd.3 human brain microvascular endothelial cells (HBMVECs) were obtained from Cell Systems. The HBMVECs used in all experiments were maintained using a Complete Medium Kit (Cell Systems) containing 10% serum and CultureBoost-R™. To induce OGD, the cells were incubated with deoxygenated media in an air-tight incubator for 6 h followed by flushing with 1% O~2~, 5% CO~2~, and 94% N~2~. The cells were then placed into normal culture media under normoxic conditions (21% O~2~, 5% CO~2~) at 37°C for reperfusion. For juglanin treatment, the cells were incubated in the presence or absence of 2.5 and 5 µM juglanin.[@cit0021],[@cit0022]

Endothelial Cell Permeability in vitro Assay {#s0002-s2006}
--------------------------------------------

Endothelial layer permeability was determined using an FITC-Dextran assay kit. Briefly, HBMVECs were seeded onto collagen-coated individual hanging inserts in a 24-well receiver plate. After an endothelial monolayer had formed, the cells were exposed to hypoxic media for 6 h followed by reperfusion media for 24 h in the presence or absence of 2.5 and 5 µM juglanin. FITC-Dextran was added on top of the endothelial monolayer to allow the fluorescent molecules to pass through. Endothelial monolayer permeability was proportional to the rate at which the molecules passed through the monolayer. The fluorescence intensity of the well solution in the receiver plate was normalized to baseline values and comparisons were made at multiple time points to determine the extent of permeability.

Real-Time PCR Analysis {#s0002-s2007}
----------------------

To determine the mRNA expression of the target genes, total RNA was extracted from bEnd.3 HBMVECs using an RNeasy Micro kit (Qiagen (Cat.74004)). The concentration and quality of the isolated RNA was determined using a NanoDrop spectrophotometer. Then, cDNA was synthesized using 1 µg total RNA with iScript™ reverse transcription Supermix for RT-qPCR (Invitrogen (Cat. 1,708,840)). The total mRNA transcripts of occludin, ZO-1, VEGF, and VEGFR2 were detected via SYBR-based real-time PCR on an ABI 7500 platform.

Western Blot Analysis {#s0002-s2008}
---------------------

To determine the protein expression of the target genes, HBMVECs were lysed using radio-immunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail. Briefly, total cell lysates (20 μg) were loaded onto 4--20% precast polyacrylamide gel electrophoresis (PAGE) gels and the proteins were separated by size.

Then, the separated protein mixture was transferred onto polyvinylidene fluoride (PVDF) membranes and blocked with 5% skim milk. To detect the specific proteins, blots were probed with specific primary antibodies overnight at 4°C and followed by 1-hour incubation with secondary antibody at room temperature. The primary and secondary antibodies used were: occludin (\#91,131, Cell Signaling Technology, 1:500), ZO-1 (\#13,663, Cell Signaling Technology, 1:1000); VEGF (\#2463, Cell Signaling Technology, 1:1000), VEGFR2 (\#2472, Cell Signaling Technology, 1:1000), β-actin (\#4970, Cell Signaling Technology, 1:2000); anti-rabbit IgG, HRP-linked antibody (\#7074, Cell Signaling Technology, USA); anti-mouse IgG, HRP-linked Antibody (\#7076, Cell Signaling Technology, USA).

Statistical Analysis {#s0002-s2009}
--------------------

The experimental results contained herein are expressed as means ± standard deviation (SD). The significance of differences between the groups in this study was determined using the SPSS statistical software package (v15.0). Analysis of variance (ANOVA) followed by the Tukey's post hoc test was used to calculate statistical significance. P \< 0.05 was considered to represent statistical significance.

Results {#s0003}
=======

Juglanin Reduces Infarct Volume and Improves Neurological Score by Reducing BBB Permeability {#s0003-s2001}
--------------------------------------------------------------------------------------------

Juglanin (kaempferol-3-O-α-L-arabinofuranoside) has a molecular formula of C~20~H~18~O~10~ and a weight of 418.3 g/mol. The molecular structure of juglanin is shown in [Figure 1](#f0001){ref-type="fig"}. We began our study by determining the effects of juglanin in vivo by measuring brain infarct volume and neurological score in an MCAO mouse model. The mice were divided into a vehicle group, a juglanin alone group, an MCAO group, and an MCAO plus juglanin pretreatment group. All animals in the vehicle and juglanin alone groups had no obvious infarct detected, while the MCAO groups had about 30% infarct area. However, the MCAO plus juglanin group showed a significant reduction in infarct volume of about half ([Figure 2A](#f0002){ref-type="fig"}). Accordingly, animals in the vehicle and juglanin alone groups had no visible neurological deficit, and the MCAO group had an average deficit score of about 3. However, animals in the MCAO plus juglanin group had an average score below 2, indicating that the drug ameliorated the deficit in neurological score induced by MCAO ([Figure 2B](#f0002){ref-type="fig"}). Next, we explored the underlying mechanism by measuring the effect of juglanin on BBB permeability. Compared to the vehicle group, the results in [Figure 3](#f0003){ref-type="fig"} demonstrate that juglanin reduced MCAO-induced hyperpermeability from an initial increase of 75% to an increase of only 22%. These findings imply that juglanin exerts significant neuroprotective effects against ischemic injury.Figure 1Molecular structure of juglanin.Figure 2Juglanin reduced brain infarction volume and improved neurological dysfunction in a middle cerebral artery occlusion (MCAO) mice model. Mice were divided into 3 experimental groups: (1) Vehicle group; (2) juglanin group: mice were treated with juglanin (20 mg/kg body weight via oral gavage) (3) MCAO group: mice were subjected to cerebral ischemia for 2 h, followed by reperfusion for 24 h; (4) MCAO + juglanin: mice were treated with juglanin (20 mg/kg body weight via oral gavage) for 3 weeks before the MCAO experiment. (**A**) Representative images of brain infarction and quantification of infarction volume. (**B**) Neurological score graph of the three experimental groups (^\#^P\<0.01 vs vehicle group; \*P\<0.01 vs MCAO group).Figure 3Juglanin reduced blood--brain barrier (BBB) permeability in a middle cerebral artery occlusion (MCAO) mice model. Blood--brain barrier permeability was assayed (^\#^P\<0.01 vs vehicle group; \*P\<0.01 vs MCAO group).

Juglanin Reduces the Expression of VEGF, VEGFR2 and Increases Tight Junctions {#s0003-s2002}
-----------------------------------------------------------------------------

To determine the mechanism through which juglanin protected against ischemic brain injury in MCAO mice, we measured the levels of VEGF and its receptor VEGFR2 in vehicle and MCAO mice. The mRNA and protein expressions of VEGF are shown in [Figure 4A](#f0004){ref-type="fig"} and [B](#f0004){ref-type="fig"}. Compared to vehicle mice, MCAO mice had a 90% increase in VEGF mRNA and an 80% increase in protein expression, respectively, while MCAO mice pretreated with juglanin had only a 30% increase in mRNA and a 20% increase in protein. The mRNA and protein expressions of VEGFR2 are shown in [Figure 4C](#f0004){ref-type="fig"} and [D](#f0004){ref-type="fig"}. Compared to the vehicle group, MCAO mice had a 110% increase in VEGFR2 mRNA and a 100% increase in protein expression, respectively. Meanwhile, MCAO mice pretreated with juglanin had only a 40% increase in VEGFR2 mRNA and a 30% increase in protein. Thus, juglanin significantly reduced VEGF and VEGFR2 expression, thereby inhibiting MCAO-induced angiogenesis. Next, we assessed whether juglanin improves BBB permeability by modulating the expression of the tight junction proteins occludin and ZO-1. The immunostaining results for these two proteins are shown in [Figure 5](#f0005){ref-type="fig"}. Compared to vehicle mice, MCAO mice had only about half the amount of both occludin and ZO-1, while pretreatment with juglanin almost completely ameliorated the decrease in these proteins.Figure 4Juglanin reduced the expression of VEGF and VEGFR2 in a middle cerebral artery occlusion (MCAO) mice model. (**A**) mRNA of VEGF as measured by real-time PCR. (**B**) Protein of VEGF as measured by Western blot. (**C**) mRNA of VEGFR2 as measured by real-time PCR. (**D**) Protein of VEGFR2 as measured by immunostaining (^\#^P\<0.01 vs vehicle group; \*P\<0.01 vs MCAO group).Figure 5Juglanin restored the expression of occludin and ZO-1 in a middle cerebral artery occlusion (MCAO) mice model. Protein of occludin and ZO-1 as measured by immunostaining (^\$,\ \#^P\<0.01 vs vehicle group; \*P\<0.01 vs MCAO group).

Juglanin Prevents OGD/R Injury in vitro {#s0003-s2003}
---------------------------------------

Next, we performed a series of in vitro experiments to determine the mechanisms of action of juglanin against ischemic injury using HBMVECs exposed to OGD/R. We began by determining the effect of juglanin on cell viability via MTT assay and the release of LDH. As shown in [Figure 6A](#f0006){ref-type="fig"}, OGD/R reduced cell viability by 43%, which was dose-dependently ameliorated by 2.5 and 5 µM juglanin, mitigating the reduction of cell viability to only 21% and 5%, respectively. The LDH cytotoxicity results are shown in [Figure 6B](#f0006){ref-type="fig"}. At baseline, the release of LDH into the culture media was 5.6%, which increased to 33.8% by OGD/R exposure. However, juglanin dose-dependently reduced OGD/R-induced cell death to 21.6% and 12.3%, respectively.Figure 6Juglanin prevented oxygen--glucose deprivation/reperfusion (OGD/R) in human bEnd.3 brain microvascular endothelial cells (HBMVECs). Cells were exposed to hypoxic conditions for 6 h, followed by exposure to reperfusion media for (24 h) in the presence or absence of juglanin (2.5, 5 μM). (**A**) Cell viability was determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide, Thiazolyl Blue Tetrazolium Bromide (MTT) assay. (**B**) Release of lactate dehydrogenase (LDH) (^\#,\ \*,\ &^P\<0.01 vs previous column group).

Subsequently, we determined endothelial monolayer permeability in HBMVECs. As shown in [[Supplementary Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=250904.pdf)]{.ul}, time course fluorescence tracking showed that non-OGD/R-treated cells had a steady fluorescence intensity at the different measured time points, while OGD/R-exposed cells showed a gradual increase in efflux, which peaked at the 24-h time point. Therefore, 24 h was used in this study. The results of FITC-dextran permeation in [Figure 7](#f0007){ref-type="fig"} reflect an increase from 8.3% to 78.6%, which was dose-dependently mitigated by juglanin to only 46.5% and 32.6%. Mechanistically, we found that juglanin at least in part reduced endothelial permeability by dose-dependently preventing the decrease in tight junction protein expression induced by OGD/R. As shown in [Figure 8](#f0008){ref-type="fig"}, OGD/R reduced the expression of occludin and ZO-1 by roughly 50%, which as almost completely rescued by juglanin.Figure 7Juglanin prevented oxygen--glucose deprivation/reperfusion (OGD/R)-induced increased brain endothelial monolayer permeability in human bEnd.3 brain microvascular endothelial cells (HBMVECs). Cells were exposed to hypoxic conditions for 6 h, followed by exposure to reperfusion media for (24 h) in the presence or absence of juglanin (2.5, 5 μM). Brain endothelial permeability was assessed by FITC-dextran permeation (^\#,\ \*,\ &^P\<0.01 vs previous column group).Figure 8Juglanin prevented oxygen--glucose deprivation/reperfusion (OGD/R)-induced reduced occludin and ZO-1 in human bEnd.3 brain microvascular endothelial cells (HBMVECs). Cells were exposed to hypoxic conditions for 6 h, followed by exposure to reperfusion media for (24 h) in the presence or absence of juglanin (2.5, 5 μM). Protein of occludin and ZO-1 as measured by Western blot analysis (^\#,\ \*,\ &^P\<0.01 vs previous column group).

The Effects of Juglanin are Mediated by VEGF {#s0003-s2004}
--------------------------------------------

Finally, we determined whether the effects of juglanin observed in our study are mediated by its effect on VEGF expression. Compared to non-treated cells, juglanin significantly suppressed the increase in VEGF and VEGFR2 expression induced by OGD/R, reducing the 150% increase in VEGF to only 30%, and the 130% increase in VEGFR2 to only 20% ([Figure 9A](#f0009){ref-type="fig"}). Next, we employed exogenous VEGF-A, which regulates angiogenesis and BBB permeability by activating VEGFR2,[@cit0023] to confirm our findings. We found that the addition of VEGF-A abolished the effects of juglanin on brain endothelial permeability ([Figure 9B](#f0009){ref-type="fig"}) as well as occludin and ZO-1 expression, thereby demonstrating the dependence of juglanin-mediated neuroprotection on VEGF/VEGFR2 signaling ([Figure 9C](#f0009){ref-type="fig"}).Figure 9The effects of juglanin on brain endothelial monolayer permeability are mediated by VEGF. (**A**) Human bEnd.3 brain microvascular endothelial cells (HBMVECs) were exposed to OGD/R in the presence or absence of juglanin (5 μM). The expression of VEGF and VEGFR2 were measured by Western blot analysis. (**B, C**) Human bEnd.3 brain microvascular endothelial cells (HBMVECs) were exposed to OGD/R in the presence or absence of juglanin (5 μM) or 10 ng/mL VEGF-A. Brain endothelial permeability and the expression of occludin and ZO-1 (^\#,\ \*,\ &^P\<0.01 vs previous column group).

Discussion {#s0004}
==========

In the present study, we investigated the potential protective effects of juglanin against ischemic brain injury both in vivo and in vitro. Previous research has shown that juglanin could reduce lipopolysaccharide-induced brain inflammation in a mouse model of Parkinson's disease.[@cit0024] Other flavonoids have also been shown to confer protective effects against ischemic brain injury. For example, naringenin has been shown to inhibit angiogenesis in mice through two-pore channel 2 (TPC2) signaling.[@cit0025] Pinocembrin, a flavonoid derived from honey as well as several plant species, has been suggested as a treatment for ischemic stroke due to its ability to reduce inflammation and oxidative stress, among other things.[@cit0026] A recent report demonstrated that flavonoids including curcumin, lycopene, ginsenoside, vitexin, and baicalin confer neuroprotective effects through various mechanisms including preventing ischemia-induced apoptosis and increasing cell viability and tissue perfusion.[@cit0027] Currently, there is limited information regarding the role of juglanin in ischemic brain injury and other diseases. Our results indicate that pretreatment with juglanin could prevent ischemic brain injury in mice by significantly reducing infarct volume and improving neurological score in MCAO mice, thereby suggesting a potent neuroprotective function of juglanin.

Mechanistically, we hypothesized that the neuroprotective effects of juglanin described above might involve modulation of VEGF, a critical factor in angiogenesis following ischemic stroke. VEGF is expressed by various cells in the CNS, including glial cells, astrocytes, microglial cells, and endothelial cells, and promotes BBB permeability while suppressing edema. VEGFR2, a receptor for VEGF, has been shown to induce decreased expression of tight junction proteins, thereby increasing vascular permeability.[@cit0010] Currently, the effects of juglanin on VEGF/VEGFR2 activation have not been thoroughly studied. Here, we found that juglanin pretreatment significantly reduced the expression of VEGF as well as that of VEGFR2 both in vivo in an MCAO mouse model and in vitro in HBMVECs. This finding is congruent with the results of previous studies on other flavonoid compounds. Quercetin, for example, has been shown to reduce tumor angiogenesis and proliferation by targeting VEGFR2.[@cit0028] Previous research suggests that the inhibitory effect of juglanin observed in our study may be due to its molecular structure. Factors including 3-galloylation, C2=C3 double bonds, total OH, B-ring catechol, and C-ring 3-OH have been shown to affect the capacity of various flavonoids to suppress VEGF/VEGFR2 signaling.[@cit0029] Consistently, we found that juglanin prevented the reduction in tight junction protein transcription and expression induced by ischemia in vivo, which was confirmed in HBMVECs. Alterations in the expression levels of tight junction proteins such as occludin and ZO-1 are a major determining factor of BBB permeability and, therefore, neurovascular homeostasis. Similar to our findings, the flavonoid baicalin has been shown to reduce BBB permeability by increasing the expression of tight junction proteins including ZO-1.[@cit0030] Other flavonoids have also demonstrated an ability of flavonoids to alter tight junction function, especially in the intestinal epithelium.[@cit0031],[@cit0032] Finally, we showed that the effects of juglanin against ischemic injury could be abolished by VEGF-A, which is known to trigger pathological neovascularization.[@cit0033]

Taken together, the findings of the present study demonstrate the vast potential of juglanin to ameliorate ischemic brain injury by reducing infarct volume and preserving tight junction functionality.

Highlights {#s0005}
==========

Juglanin reduces infarct volume and improves neurological score;Juglanin reduces blood--brain barrier permeability by increasing the expression of occludin and ZO-1;The protective effects of juglanin are mediated through inhibition of VEGF/VEGFR2 signaling;The protective effects of juglanin are evident both in vivo in MCAO mice and in vitro in HBMVECs.
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